virus is a highly pathogenic member of the family Flaviviridae producing a haemorrhagic disease in infected human beings. Despite this high pathogenicity and potential epidemiological importance, there have been relatively few detailed antigenic or molecular studies on KFD virus. The nucleotide sequences of the genes encoding the structural proteins of the virus have now been determined. From these data we conclude that KFD virus is a distinct member in the tick-borne flavivirus complex with characteristic protease cleavage sites, fusion peptide, signal sequences and hydrophobic transmembrane domains. Comparison of the deduced amino acid sequences of KFD virus showed close relationships with other tick-borne flaviviruses. Among the structural proteins, the E protein showed maximum similarity (77.4 % to 81.3 %) to tick-borne flaviviruses. Alignment of the amino acid sequence with those of other known tick-borne flaviviruses revealed many conserved regions confirming its identity as a member of the tick-borne encephalitis group, although the genetic marker EHLPTA showed a T-~ K substitution in KFD virus. The proposed genetic marker at amino acid positions 232 to 234 (AQE) was unique for KFD virus, A dendrogram derived from the amino acid alignment showed a phylogenetic relationship similar to those obtained on the basis of serological studies. The question of the sudden emergence of KFD virus in India and the possibilities of developing recombinant virus vaccines are discussed.
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The family Flaviviridae includes nearly 70 antigenically distinct viruses, many of which are pathogenic for man and animals (Francki et al., 1991) . They have been further subdivided into different serological subgroups on the basis of cross-neutralization tests (De Madrid & Porterfield, 1974; Calisher et al., 1989) . Group one of the genus Flavivirus comprises the tick-borne encephalitis (TBE) virus complex, including louping ill (LI), Langat, Powassan, Negishi, Omsk haemorrhagic fever (OHF), Kyasanur Forest disease (KFD), Royal Farm, Carey Island and Phnom Perth bat virus (Calisher et al., 1989) . All flaviviruses have a similar genomic organization consisting of a single-stranded RNA molecule of nearly 11 kb encoding a polyprotein which is cleaved into three structural and seven non-structural proteins (Chambers et al., 1990) . The complete nucleotide sequences of European and Far Eastern subtypes of TBE (Mandl et al., 1988 (Mandl et al., , 1989 Pletnev et al., 1990) , Langat (IaconoConnors & Schmaljohn, 1992; Mandl et al., 1991) , LI (Shiu et al., 1991 ; K. Venugopal et al., unpublished) and
The nucleotide sequence data presented in this paper have been assigned the accession no. X74111 in the GenBank database.
Powassan (Mandl et al., 1993) viruses are known. The sequences of the envelope glycoproteins of OHF (Gritsun et al., 1993) and Negishi (Venugopal et al., 1992) virus have also been published. The sequence of KFD virus has not yet been reported. In view of its unique characteristics (see below) and the need to identify genetic markers as a basis for virus classification, we have determined the sequence of the structural protein genes of KFD virus.
KFD was first recognized in January 1957 as a febrile illness at the Primary Health Centre at Ulvi in the Shimoga district of Karnataka State in India (Work & Trapido, 1957) . Preceding the human epidemic, a large number of sick and dead monkeys had been noticed in the nearby forest area. KFD virus was isolated from dead monkeys, sick patients and from Haemophysalis tick species. Since the first record of the disease, epidemics of KFD have occurred every year in this region with an average of about 400 to 500 cases annually, reflecting the prevalence of active foci of infection in the forest region. The highest recorded incidence was in 1983, with 1555 cases and 150 deaths (Banerjee, 1988) . Although the disease was localized to GTGACCGTGCTCGTTTCAGGCAACAGTGAGTGGCGCTTTGTTGGTATTTCCTTGGTGGGA 60 AAG TTTTGAAGCGTTAACGTGTTGAGGAAAAGACAGCTTAGGAGAACAAGAGC TGGGGAT 120
GGAAGTCATGAATGGAACATGCACCATTCTTGCCACAGACATGGGGAGTTGGTGTGATGA 600 the primary site until 1972, there has been a centripetal expansion of the affected area, presumably from the altered ecosystem resulting from deforestation and changing agricultural practices. KFD virus has also been associated with many laboratory infections (Banerjee, 1988) . Clinically, KFD is particularly interesting because in contrast with most of the other tick-borne flaviviruses that cause encephalitic diseases, KFD virus causes a haemorrhagic disease, in humans and monkeys, even more severe than that associated with OHF virus (Banerjee, 1988) .
The KFD viruses isolated from monkeys, human beings and ticks from different areas and at different times have been found to be antigenically identical (D'Lima & Pavri, 1969) . Although antigenic relationships have been demonstrated between KFD virus and other tick-borne flaviviruses, significant differences in the neutralization indices between KFD, European TBE and Russian spring-summer encephalitis (RSSE) virus have been reported (Danes, 1962 
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LGT The genes encoding the membrane (M) and envelope (E) proteins were amplified by PCR with the anti-sense primer described above and a sense primer representing the nucleotide sequence from positions 644 to 669 of a Central European (Neudorfl) TBE virus (Mandl et al., 1988) . Subsequently, the genome region representing the rest of the structural proteins was obtained by PCR using a primer complementary to a KFD virus internal sequence (corresponding to nucleotide positions 890 to 906) and a sense primer (representing nucleotides 1 to 23) of the Far Eastern (Sofyn) TBE virus (Pletnev et al., 1990 ). All subsequent manipulations followed standard methods (Sambrook et al., 1989) . The two PCR products were cloned into pUC119 and two independent clones were each sequenced from both directions by dideoxynucleotide sequencing using synthetic oligonucleotides (Sanger et al., 1977) . The analysis of the sequence data, including calculations of percentage identity, hydrophobicity and multiple sequence alignments were undertaken using the programs supplied in the UWGCG package (Devereux et al., 1984) . Since a primer derived from a conserved sequence from the 5' end was used in the PCR, the exact Y-terminal sequence of the genome could not be determined. However, by extrapolation of the data from other published tick-borne flavivirus sequences, KFD virus appears to have 118 nucleotides before the first AUG codon. This corresponds well with the 5' non-coding region of other flaviviruses. The complete nucleotide sequence of the structural protein encoding region of KFD virus determined from these two overlapping clones is presented in Fig. 1 , The alignment of the derived amino acid sequence revealed characteristic potential protease cleavage sites, signal sequences and stop transfer elements, all of which corresponded to those of other flaviviruses, and the tentative amino termini of the structural C, M precursor (prM) and E proteins of KFD virus could be assigned.
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The C protein of KFD virus was highly basic (21-5 % lysine and arginine residues), similar to other flaviviruses. It is believed to be important in the interaction with RNA during the formation of virus nucleocapsids. The capsid protein of KFD virus, although showing the least similarity to other viruses of the serocomplex in terms of the primary sequence (Fig. 2) , was analogous to other tick-borne flaviviruses in its hydrophobicity and the single initiation codon. KFD virus showed the sequence A-K-G after the first M, which was unique among all tick-borne flavivirus sequences. The significance of this observation is not yet known. Thus, homology comparisons of the C protein, which is less exposed to the immune system than other proteins, may be more relevant for investigating relationships between flaviviruses. The signal sequence of prM, contributed by the C terminus of the C protein, showed significant differ- Karabatsos (1985) .
-~ Sequences of C, prM and M proteins not available.
ences from other tick-borne flaviviruses in primary sequence. The prM protein shows one conserved potential N-glycosylation site. The relative homologies of the C and prM proteins with other flaviviruses were also low ( Table l) . The N-terminal precursor sequence was predominantly hydrophilic and contained six cysteine residues in strictly conserved positions. The E glycoprotein represents the most important functional component and induces haemagglutination inhibiting, neutralizing and protective antibodies in the course of natural infection or immunization. Studies with neutralization-resistant escape mutants (Holzmann et al., 1990; Jiang et al., 1993) and attenuated strains (Hahn et al., 1987) of different flaviviruses imply that the E protein may be one of the major determinants of virus virulence or attenuation. The E glycoprotein of KFD virus contained 496 amino acids and showed greater homology with other tick-borne flaviviruses ( Table 1) within areas that are either highly conserved or variable (Fig. 2) . The positions of the 12 conserved cysteine residues are consistent with those of other flavivirus E proteins and, thus, the folding characteristics, through intramolecular disulphide bonds, should be similar. The E protein of KFD virus has three potential N-glycosylation sites which are conserved among all tick-borne flaviviruses analysed to date. Comparison of the homology of the KFD virus E protein with that of other flaviviruses within the three antigenic domains A, B and C (Mandl et al., 1988) showed that the A domain, which contains flavivirus cross-reactive epitopes, exhibited the highest level of homology. Alignment of the entire E protein sequence of KFD virus with other flavivirus sequences revealed conserved sequences such as the predicted fusion peptide (amino acids 98 to 111) and glycosylation sites. However, the tick-borne flavivirusspecific hexapeptide EHLPTA (Shiu et al., 1991) Karabatsos (1985) . CFA is the cell fusing agent (Cammisa-Parks et al., 1992) .
residues 207 to 212 showed a T --* K substitution in KFD virus. Moreover, in the region of residues 232 to 234 where many flaviviruses show variability in the primary sequence (Shiu et al., 1992) , KFD virus encoded the sequence AQE. A dendrogram derived from the alignment of the E protein sequences (Fig. 3) was consistent with the relationships derived from serological tests, suggesting that flaviviruses have evolved by divergent mutational changes rather than by genetic recombination. Alignment of the primary sequences of the E proteins of all tick-borne flaviviruses showed 46 unique amino acid substitutions in KFD virus which were distributed throughout the whole E protein. One substitution at residue 234 is in the hypervariable region which was previously shown to identify individual members of ttaviviruses (Shiu et al., 1992) . This domain was shown to have an important biological function since a neutralization-resistant escape mutant had a lesion at residue 233 (Holzmann et al., 1990) . Neutralization-resistant escape mutants of LI virus with altered virulence, selected using MAb4.2 (Venugopal et al., 1992) , contained amino acid substitutions at positions 308 to 311 (Jiang et al., 1993) . The KFD virus sequence had unique substitutions at positions 308 and 309. These differences noted in the KFD virus sequence are in agreement with the nonreactivity of MAb 4.2 with KFD virus E protein expressed in a vaccinia virus T7 polymerase transient expression system (data not shown). In addition to these substitutions, the KFD virus sequence showed many changes which may be important in pathogenesis. However, one cluster of three amino acids, ANS (at positions 66 to 68 of the E protein), was particularly interesting because KFD, OHF and Powassan virus shared an N residue at position 67. This position is important since a neutralization-resistant escape mutant of TBE virus (Holzmann et al., 1990 ) also showed a change here. Apart from this residue, KFD and OHF viruses also shared the same amino acid substitutions at positions 76 and 489. Whether or not these changes alone can bring about the altered pathogenic behaviour of these viruses is yet to be determined. Recent studies with chimeric TBE/dengue type 4 viruses (Pletnev et al., 1992) have shown that the genetic determinants of TBE virus neurovirulence for mice map in the prM and E proteins although the neuroinvasiveness was determined by other genes. If this is the case for other members of the TBE group~ the determinants of pathogenicity of KFD and OHF virus also could be presumed to reside in the prM and E proteins. However, the primary sequences responsible for the haemorrhagic nature of KFD virus and the determinants of virulence will be identified only by using molecular clones or chimeric viruses.
The existence of KFD was first recorded in 1957, with no previous history, and the question of how it appeared so suddenly has not been answered satisfactorily. The previous belief that KFD virus was a variant of OHF virus introduced from Siberia is questionable because the sequence homology of the E protein of the two viruses was no greater than that of other members of the group 1 serocomplex. Available evidence (Banerjee, 1988) indicates that migratory birds are unlikely to be responsible for the apparent introduction of KFD virus to the unique location in India. However, we have recently shown that Negishi virus isolated from Japan was genetically indistinguishable from LI virus seen in the U.K. and migratory birds could have been responsible for its movement around the world (Venugopal et al., 1992) . An alternative possibility is that KFD virus, originating from an ancestral tick-borne flavivirus which was distributed throughout the world, became isolated in India and has since circulated in the Kyasanur Forest for many thousands of years cycling between ticks and mammals. The change in the ecosystem from using former forest land for cattle-grazing together with relentless deforestation may have caused monkeys to spend an increasing time on the forest floor and therefore to be exposed to the ticks. This would lead to significant amplification of the virus and bring man into contact with the virus for the first time. The discrete nature of the KFD virus, as revealed by the sequence data, is consistent with this suggestion.
KFD continues to be a major problem in the Kyasanur Forest area and apart from causing human disease, it is also decimating two species of monkeys (Bhat, 1991) which are now threatened with extinction. The determination of the sequence of KFD virus is a step towards the development of an effective recombinant vaccine for preventing this disease in humans and wildlife and may also help us to understand its ecological behaviour.
